Parasitization by sacculinids (Cirripedia: Rhizocephala: Sacculinidae) induces severe modifications in morphology, behavior, and reproduction of their host crabs. To understand the mechanisms involved, it is important to have comprehensive information on their association. However, such information has been poorly available, mainly because of scarcity of distinguishing characters of sacculinids hamper identification of them. In the course of the investigation of the associations using the molecular marker (COI gene) and morphological observation to identify sacculinids, three species of Sacculina, S. confragosa, S. imberbis, and S. yatsui, were found to parasitize a single host crab, Pachygrapsus crassipes, sympatrically in a restricted area. This is the first finding for three-on-one association in a single locality.
INTRODUCTION
The Rhizocephala (Maxillopoda: Cirripedia) is an order of highly specialized parasitic barnacles whose hosts are mainly decapods. They have free-living nauplius and cypris larva stages in the life cycle, as commonly seen in cirripeds. However, the adult morphology of rhizocephalans without segmentation and appendages typical of arthropods has departed very far from the organization of crustaceans (see Høeg, 1995; Høeg and Lützen, 1985; Walker 2001 , for review). The adult consists of an external reproductive saclike body called the 'externa' and a ramifying nutrientabsorbing root-like body inside the host called the 'interna', which is connected by a narrow stalk to the externa. This morphological modification in rhizocephalans is extremely conspicuous (Høeg, 1995; Høeg and Lützen, 1985) .
Among rhizocephalans, sacculinids are especially notable for severe biological effects on host crabs. Parasitization by sacculinids induces serious modifications in morphology, behavior, reproduction, and molt cycle of their hosts (Høeg, 1995; Okada and Miyashita, 1935; Reinhard, 1956; Takahashi et al., 1997; Takahashi and Matsuura, 1994) . Although serious modifications in morphology and reproduction of a host are also induced by parasitization by parasitic bopyrids (Beck, 1980; Matsumoto, 1953) , the effects of sacculinids on the host are much more dramatic.
Sacculinids, therefore, offer unique opportunities for understandings of mechanisms of extreme morphological modification in parasites and the severe control exercised on their hosts. For such an understanding, it is important to have comprehensive information about host-parasite associations and prevalence in sacculinids. However, such information has been poorly known, mainly because there are only few distinguishing characters in sacculinid, and this impedes their identification.
Recently, it has been possible to identify sacculinids easily and accurately with molecular markers (Murphy and Goggin, 2000) . Thus, we are investigating host-parasite associations in sacculinids in Japanese archipelago in detail using molecular markers combined with morphological observations. In the course of this investigation, we found that three different species of Sacculina parasitize a single intertidal grapsoid crab, Pachygrapsus crassipes Randall, 1840 sympatrically in a restricted area. Here, we report this unique three-on-one association in detail as a useful system for studies of interaction between sacculinids and crabs and also interaction among sacculinid individuals.
MATERIALS AND METHODS

Specimen Collection
Of the crabs living in the intertidal zone in Shirosaki coast in Amatsu (Kamogawa City, Chiba Prefecture, Japan), three grapsoid crabs, Pachygrapsus crassipes, Hemigrapsus sanguineus De Haan, 1835, and Gaetice depressus De Haan, 1833, are the dominant species. More than 100 individuals of each of the three species were collected in 2000, 2002, and 2004 to investigate infection by sacculinids: on P. crassipes, 138; on H. sanguineus, 103; and on G. depressus, 113. Infection of the crabs was confirmed by the eruption of the externa on the pleon of a host crab. Sacculinids and their host P. crassipes collected in 2000 and some uninfested P. crassipes collected in 2002 were preserved in 99.5% ethanol for DNA analysis. A part of the sacculinids collected in 2004 was preserved also in 99.5% ethanol for DNA analysis, while the rest were preserved in Bouin's fluid with host the P. crassipes for morphological observations. DNA Extraction, PCR, and Sequencing Total genomic DNA was extracted from externae of sacculinids and legs of host crabs fixed in ethanol using DNeasy tissue kit (Qiagen) following the manufacturer's protocol. For discrimination of sacculinids by nucleotide differences, partial sequences of mitochondrial cytocrome oxidase subunit I (COI) gene region for sacculinids were amplified by the polymerase chain reaction (PCR) using a primer pair, LCO1490 and HCO2198 (Folmer et al., 1994) . Then, we tried to identify sacculinids by comparing the sequences obtained in this study with those of sacculinids in the DNA database, but we found that most sequences did not overlap. Therefore, to make the comparison effective, a longer part of COI gene region were amplified by using a primer pair (L2020S-COI and H2619-COI, Yamauchi et al., 2004) for three representative specimens (S1, S2, and S3; see below) chosen from each clade in the neighbor joining tree. Mitochondrial 16S subunit ribosomal RNA (16S rRNA) gene region for host crabs were amplified by PCR using a following primer pair, L12247L-16S (59-TTA ATY CAA CAT CGA GGT CRC AA-39) and H621-16S (59-CYG TGC AAA GGT AGC ATA-39). PCR was done in a Model 9700 thermal cycler (Applied Biosystems Inc.) and reactions were carried out with 30 cycles of 15 ll reaction volume containing 9.4 ll sterile distilled H 2 O, 1.5 ll 10 3 Ex taq Buffer (Takara), 1 ll dNTP (2.5 mM), 1 ll each primer (5 lM), 0.1 ll taq polymerase (Ex taq, Takara), and 1 ll DNA template. The thermal cycle profile was as follows: an initiation denaturation at 948C for 2 minutes followed by 30 cycles of denaturation at 948C for 30 seconds, annealing at 458C for 30 seconds, and extension at 728C for 1 minute. PCR products were visualized by 1.0% L03 agarose (Takara) gel electrophoresis with the ethidium bromide staining. Double-stranded PCR products were purified using EXOSAP-IT (USB) and subsequently used for direct cycle sequencing with dye-labeled terminators (Applied Biosystems Inc.). Primers used in the direct sequencing were the same as those for PCR. All sequencing reactions were performed according to the manufacturer's instructions. Labeled DNA fragments were analyzed on a Model 3100 DNA sequencer (Applied Biosystems Inc.). Accession numbers of sequence data in DDBJ/EMBL/ GenBank are shown in Table 1 .
Alignment and Phylogenetic Inference
The DNA sequences obtained from sacculinids and host crabs were aligned using CLUSTAL W (Thompson et al., 1994) . The aligned sequences were used to calculate genetic distances with the Kimura two parameter model using the program MEGA ver. 3.0 (Kumar et al., 2004) . The genetic distances were utilized to infer phylogenetic relationship of sacculinids by neighbor-joining method. The phylogenetic analysis was performed with the program MEGA ver. 3.0. The confidences of phylogenetic estimates were assessed by a thousand bootstrap replicates. Based on the tree topology of sacculinids, mean genetic distances among and within three phylogenetic groups were calculated. Genetic distances were also inferred for host P. crassipes individuals by the same methods as in sacculinids.
Morphological Observation
For morphological observations, two sacculinid individuals were chosen respectively from each of three groups found in neighbor joining tree analysis. After embedding the externae in paraplast, thin (2 to 8 lm) eosinhematoxylin stained sections were prepared for consequential morphological observation. In addition, the outer cuticles of externae of the sacculinid individuals were studied from unstained lactic acid preparations.
RESULTS
Investigation of Infection by Sacculinids
Of 138 individuals of Pachygrapsus crassipes collected, a single externa was found on each of 35 crabs (25.4%). None were found on Gaetice depressus (113 individuals collected) and Hemigrapsus sanguineus (103 individuals collected).
DNA Analysis
About 600 base pairs (bp) of the COI gene region from 22 of 35 sacculinid individuals obtained were sequenced, and an additional 500 bp for three of 22 individuals were sequenced (Table 1) . Multiply aligned 546 bp of nucleotide sequences of 22 sacculinids were used to calculate genetic distances with the Kimura two parameter model. They ranged from 0 to 0.451.
Using the genetic distances, the neighbor-joining tree was obtained, in which sacculinids were divided into distinct three groups (groups A, B, and C) strongly supported by high bootstrap values (Fig. 1) . The groups A, B, and C included four (18%), three (14%), and 15 individuals (68%), respectively. The average genetic distance between groups was 0.309 between group A and group B, 0.363 between group A and group C, and 0.444 between group B and group C, while the average distance within a group was 0.003 within group A, 0.001 (group B), and 0.002 (group C) ( Table 2 ). Six base pairs gap was found only in the nucleotide sequence of the COI gene region of group C and the gap regions were TATCTT and TTCTTT for groups A and B, respectively (Fig. 2) . The nucleotide sequences of the three sacculinid individuals (S1, S2, and S3 in Table 1 and Fig. 1 ) were compared with those of other sacculinids in the DNA database. As to the nucleotide sequences of S1 and S2, no corresponding sequence was found in the database. The nucleotide sequence of S3 corresponded with that of S. confragosa in Glenner et al. (2003) . Therefore, individuals in group A including S3 appeared to be S. confragosa. However, results of the following morphological analysis for representatives of each group implied that this identification was erroneous (see below).
To examine whether the P. crassipes population is divided into subgroups in accordance with sacculinids' groups or not, nucleotide sequences of partial 16S rRNA gene were examined for three P. crassipes individuals infested with each of the three sacculinid groups plus an uninfested P. crassipes individual. Virtually no genetic difference among the four crab individuals was observed; the genetic distances ranging from 0 to 0.003.
Morphological Observation
Morphological characters were observed for six specimens chosen in twos from each of the three sacculinid groups found in the present molecular analysis (Table 1) . Based on microscopic observation of the texture of the external cuticles and the form of the receptacles and their ducts, we identified specimens in group A as Sacculina yatsui Boschma, 1936 , specimens in group B as S. imberbis Shiino, 1943 , and specimens in group C as S. confragosa Boschma, 1933 (Fig. 1) . Individuals morphologically identified as S. yatsui in this study (see morphological description below) had the identical partial COI nucleotide sequences with that of S. confragosa in Glenner et al. (2003) , suggesting that S. confragosa in Glenner et al. (2003) was erroneously identified and was actually S. yatsui. The morphological characters of the three sacculinids are as follows.
In Sacculina confragosa, the outer cuticle was smooth without spines and excrescences, but with many winding lines (Fig. 3A) . As for cross-section analysis, receptacles of S. confragosa were very characteristic (Fig. 3D) . Receptacles were completely separated, but very adjacent. The dorsal extremity of the receptacles (Shiino, 1943) curved ventrally once and then recurved dorsally again as shown in Shiino (1943) . This complicated form of receptacles was unique to S. confragosa and was not found in the other sacculinids. Although Boschma (1933) stated that the receptacles of S. confragosa were united, this was not found in the present study.
In Sacculina imberbis, the outer cuticle was smooth with neither spines, excrescences nor winding lines, which appears as if nothing would be recognized (Fig. 3B) . The receptacles of S. imberbis were small, cylindrical and similar in size and shape, with a well-developed inner layer. The ducts that lead to the mantle cavity were shorter and narrower than the receptacles (Fig. 3E) .
In Sacculina yatsui, the outer cuticle had a lot of conspicuous spines (Fig. 3C) . The spines were arranged in groups and a number of close-set groups gathered to form a unit separated from neighbor units by a reticular system of non-spinous passages. The receptacles of S. yatsui were separate and their ducts lined by a thick cuticle layer. The ducts had an intricate winding course (Fig. 3F) .
DISCUSSION
Pachygrapsus crassipes in Amatsu was parasitized by three species of Sacculina unambiguously identified by using both genetic and morphological analyses. The genetic analysis based on nucleotide sequence divided 22 sacculinids into three genetically different groups, within which no substantial difference was found (Table 2) . Morphological analysis for the representatives of each group enabled us to identify all of the 22 sacculinids. By consequence, all 22 individuals were identified respectively as Sacculina confragosa, S. imberbis, or S. yatsui. A procedure utilizing both morphological and molecular information proves to be very useful and effective for identification of parasites with extreme morphological modification. Table 2 . Genetic distances between three groups (species) of Sacculina. Between-group distances are shown below the diagonal and within-group distances are shown on the diagonal. Next, we examined through nucleotide sequences analysis whether or not host P. crassipes in each three species of Sacculina belonged to different cryptic species. The result with no substantial difference (0 to 0.003) showed that all host P. crassipes belonged to a single species. Altogether, three-on-one association, involving three Sacculina parasites vs. a single host, P. crassipes, was recognized in the restricted area in Amatsu.
Multi-species infection by sacculinids to a single host species is not rare; various instances have been reported from the north Pacific, Indian, and Atlantic Oceans and the Mediterranean Sea (Boschma, 1955; Høeg and Lützen, 1985; Lützen and Yamaguchi, 1999; Øksnebjerg, 2000; Shiino, 1943) . Those reports included more than ten threeon-one associations involving other crabs, such as portunids and majids (Boschma, 1955) . However, these associations Boschma (1949) were not recognized sympatrically in a restricted area as in the present study. Therefore, as far as we know, the present finding is the first one of the association that a single host crab was parasitized by three sacculinids sympatrically in a single restricted area. Is P. crassipes the usual host for the three species of Sacculina? In other words, did one or two of the three Sacculina parasitize the crab accidentally? To answer the question, we compiled and summarized all available information about host crabs and collection localities of the three Sacculina species in Table 3 and Fig. 4 . According to Table  3 and Fig. 4 , one of the main host crabs of S. imberbis seems to be P. crassipes because the parasite is known to infect only P. crassipes and Metopograpsus quadridentatus Stimpson, 1858. Similarly, main host crabs of both S. confragosa and S. yatsui also seem to be P. crassipes judging from high prevalence of infection (for S. confragosa, P. crassipes is one of the main host crabs), though they also parasitize other crabs (S. confragosa parasitizes Cyclograpsus intermedius Ortmann, 1844 and S. yatsui parasitizes M. quadridentatus). Therefore, P. crassipes appears to be a usual host for the three parasites.
Then, why is the three-on-one association found only in Amatsu? Dispersal of sacculinid individuals is mainly attributed to passive dispersal of free-living larvae. Putative distributions of S. confragosa, S. imberbis, and S. yatsui appear to be the middle to west region, the middle region, and northeast region of the Japanese Archipelago, respectively. In those areas, two currents, the Kuroshio and Oyashio Currents, flow (Fig. 4) . The Kuroshio can transport larvae of S. confragosa and S. imberbis northward, while the Oyashio can transport larvae of S. yatsui southward. The interfrontal zone between the Kuroshio and the Oyashio is off Bousou Peninsula where Amatsu is located. If, indeed, the two currents transport larvae of the three Sacculina from both north and south, the larvae are assembled in this region. This may explain partly that the three-on-one association is observed only in this area. Fig. 4 . Map of the Japanese Archipelago showing putative distribution areas, host-parasite associations, and prevalence of infection of the three species of Sacculina in various localities examined: 1, Sanriku; 2, Amatsu; 3, Misaki; 4, Manazuru; 5, Shimoda; 6, Seto; 7, Tomioka. Light gray, dark gray, and white zones encircled by lines denote putative distributions of Sacculina confragosa, S. imberbis, and S. yatsui, respectively. Gray and gray-dotted arrows denote two ocean currents, the Kuroshio and the Oyashio, respectively.
No three-on-one association involving other crabs has been found from our ongoing extensive survey of sacculinidcrab association involving intertidal crabs throughout the Japanese Archipelago. So, why is the three-on-one association found only in P. crassipes? There is a report proposing that P. crassipes in Japan possibly is a recent migrant from the west coast of North America after the middle 19th century (Hiatt 1948) . If P. crassipes did not have immunity to strange sacculinids when it migrated into Japan, it might be easily subject to infection by the sacculinids. It is, however, unlikely that P. crassipes became a main host crab for the three parasites just during about 150 years, and that the three Sacculina migrated together with P. crassipes and extended their distributions rapidly just during the same length of time. It is thus plausible that both P. crassipes and the three Sacculina are native to Japan. To elucidate the origins of both P. crassipes and the three parasites, it is necessary to carry out population genetic analysis for them collected in both Japan and the west coast of North America.
In any case, the sympatric three-on-one association between sacculinids and P. crassipes in Amatsu provides an important opportunity to inspect interaction between sacculinid parasites and host crabs and also interaction between sacculinid individuals over the same host. Amatsu is an interesting area for such studies.
